A new electrical heating process was proposed which converts carbon nanotubes from p-type to n-type by desorption of oxygen molecules around the carbon nanotubes. By applying a large voltage of $40 V between the source and drain electrodes in vacuum, a large drain current of $20 mA flows the carbon nanotube channel and heats it, which cause oxygen molecules to desorb from the surface of the carbon nanotube. After applying electrical heating, the carbon nanotube field effect transistors clearly showed n-type properties. Moreover, they recovered p-type properties when exposed to ambient air.
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Introduction
Normally, carbon nanotube field effect transistors (CNT-FET) have p-type properties because of the chemical doping effect of oxygen molecules adsorbed on their surfaces. [1] [2] [3] In order to observe the n-type properties of CNT-FETs, the CNT-FET must be heated to desorb the oxygen molecules from the surface of the carbon nanotubes. 1, 2) To do this, supplementary heater in a vacuum chamber is required. In this paper, a simple and easy process to heat CNT-FETs and to desorb oxygen molecules from surface of the carbon nanotubes by applying a large voltage between source and drain electrodes of the CNT-FET in vacuum is presented.
Experiment
The sample was prepared as follows. A p-type silicon wafer with a thermally grown oxide 200 nm thick was used as a substrate. Layered catalysts of Fe/Mo/Si (3/10/10 nm) were patterned on the substrate using conventional photo lithography. Single-walled carbon nanotubes were grown between two catalysts by chemical vapor deposition (CVD) using a mixed gas containing ethanol, hydrogen and argon. Finally, Ag/Au electrodes were deposited on the patterned catalysts as the source and drain and on the back side of Si substrate as the gate. Thus, a back-gate-type CNT-FET was fabricated. A large drain voltage with a maximum of 40 V was applied to the prepared samples and the electrical properties were measured at room temperature in a vacuum of 1:1 Â 10 À2 Pa. Figure 1 shows the transfer characteristics of the fabricated CNT-FET, when the gate voltage was applied from À20 V to 20 V, and the drain voltage from 0.02 V to 1 V. The drain current of the CNT-FET decreased monotonically with increasing of the gate voltage, which was attributed to p-type properties of the carbon nanotube channel. In this experiment, Ag was used as the electrode material. CNT-FETs fabricated with Ag electrodes show linear drain currentdrain voltage characteristics despite having a lower work function (4.26 eV) than the carbon nanotube with p-type properties (4.8 eV) (not shown). 4, 5) The molecules adsorbed on the CNT-FET, such as oxygen, may have worked as surface dipoles between the electrodes and the CNTs and have made the band of the CNTs almost flat (see inset in Fig. 1 ).
Results and Discussion
3) At a drain voltage of 1 V, the maximum drain current flow was about 4.5 mA from Fig. 1 , and the threshold gate voltage for hole conduction was about V thp ¼ 1 V. The sample was prepared and maintained in ambient air for several days until the measurement was carried out. Therefore, the origin of p-type properties must be oxygen molecules adsorbed on the surface of the carbon nanotubes, which modulated the Fermi level near to the valence band. Because both the Fermi levels of the electrodes and of the carbon nanotubes coincide near the valence band of the carbon nanotubes, almost the entire height of the band gap of the carbon nanotube works as a barrier for electron conduction when a large positive gate voltage is applied. Therefore, electron conduction was prohibited.
In order to heat the carbon nanotube, a large drain voltage of 40 V was applied to the CNT-FET with constant gate voltage of À20 V in vacuum. The time dependence of the drain current is shown in Fig. 2 . The drain current was almost constant for 600 s. During the application of large drain voltage in vacuum, the CNT-FET generated heat because of phonon scattering in the carbon nanotube when carriers flow in the diffusively, or because of the difference in the kinetic energy of the carriers in the carbon nanotubes and the electrodes when the carriers flow in the ballistic mode. This generated heat causes oxygen molecules to desorb from the surface of the carbon nanotubes and the Fermi level is thought to move up to the n-type position. Because the band was bent near the electrodes by the applied large drain voltage of 40 V, the carriers for both holes and electrons could go through the bent band by tunneling from the electrodes as shown in the inset in Fig. 2. 6) Thus, both the holes and electrons conduct in the carbon nanotube at the same time, and the drain current showed as almost constant value as shown in Fig. 2 despite the position of the Fermi level in the carbon nanotubes. Figure 3 shows the transfer characteristic of the CNT-FET after electrical heating. The gate voltage was applied from À20 V to 20 V, and the drain voltage was from 0.02 V to 1 V. The drain current increased after slightly decreasing with increasing gate voltage, which was attributed to the n-type properties of the carbon nanotubes. The maximum drain current was about 0.28 mA at a gate voltage of 20 V and a drain voltage of 1 V. The threshold gate voltage for electron conduction was about V thn ¼ À8 V and that for holes about V thp ¼ À18 V, which shifted À19 V from the threshold gate voltage before the electrical heating was applied. It is suggested that the Fermi level moved up to a slightly higher position at the center of the band gap because of the electrical heating, and thereby reduced the barriers for electron conduction. Thus the carbon nanotube changed to ntype properties from p-type properties.
The drain current-drain voltage characteristics are shown in Fig. 4 . The drain voltage was applied from À1 V to 1 V Fig. 2) . Therefore, during the electrical heating, the CNT-FET was heated by both the holes and electrons regardless of the position of the Fermi level. Hence, the drain current shows an almost constant value during electrical heating. The CNT-FET was exposed to ambient air again after electrical heating. The time dependence of the drain current with a constant drain voltage of 1 V and gate voltage of À20 V is shown in Fig. 5 . Although time was lost to vent the vacuum chamber before 0 sec, the drain current increased almost linearly with exposure times up to 30 min and became saturated over 30 min. The oxygen molecules in ambient air adsorbed again on the surface of the carbon nanotubes, which doped the carbon nanotubes to p-type. Therefore, the drain current due to hole conduction increased as shown in Fig. 3 . Up to 30 min of exposure almost all uncovered carbon nanotube surfaces adsorbed oxygen molecules, and for exposure over 30 min, it became difficult for the oxygen molecules to adsorb on the surface of the nanotube. Therefore, the drain current increased slowly and saturated finally in this time scale. Figure 6 shows the transfer characteristics of (1), the ptype CNT-FET as fabricated, (2) the n-type CNT-FET after electrical heating, (3) the p-type CNT-FET recovered by exposure to ambient air for 4 hours, and (4) for one week. After the electrical heating, the p-type CNT-FET with the p-type threshold voltage of V thp $ 1 V became n-type with n-type threshold voltage of V thn $ À8 V and weak p-type threshold voltage of V thp $ À18 V. When the n-type CNT-FET was exposed to ambient air for 4 h, n-type characteristics completely disappeared and p-type characteristics became dominant with a p-type threshold voltage of V thp $ À5 V. Upon further exposure of the CNT-FETs to ambient air for one week, p-type threshold voltage shifts more to the positive direction and V thp $ À3 V. The time to completely recover the initial conditions of p-type CNTFETs may require more several weeks.
Conclusions
A new electrical heating process to desorb the adsorbed oxygen molecules from the surface of semiconductive carbon nanotubes was proposed and applied to CNT-FETs. The p-type properties of CNT-FETs drastic changed to ntype properties offer the electrical heating was applied. Moreover, the drain current during the electrical heating process was originated by both hole and electron conduction. To recover the initial condition of the adsorbed oxygen molecules on the surface of the carbon nanotubes required several weeks. 
